INTRODUCTION {#S1}
============

Anaplastic lymphoma kinase-positive (ALK+) anaplastic large cell lymphoma (ALCL) is a distinct type of aggressive T-cell non-Hodgkin lymphoma, which is characterized by overexpression of ALK due to chromosomal translocations, the most frequent being the t(2;5)(p23;q35)^[@R1]^. This chromosomal aberration leads to the formation of the chimeric protein nucleophosmin (NPM)-ALK, a constitutive oncogenic tyrosine kinase, which is capable of activating multiple oncogenic pathways^[@R2]^ Furthermore, ALCL is characterized by overexpression of CD30, a member of the tumor necrosis factor receptor superfamily^[@R3]^.

JUNB is a member of the activator protein 1 (AP-1) complex, a group of transcription factors that bind to AP-1 DNA recognition elements and induce expression of genes that control a diverse array of cellular functions, spanning from cell growth and apoptosis to cell proliferation and oncogenic transformation^[@R4]^. AP-1 proteins include four subfamilies, Jun, Fos, Maf and ATF, that function as a complex of homodimers and heterodimers, among which cJUN and JUNB are the most well studied^[@R4]^. Previous studies have shown that JUNB suppresses cell cycle progression through either upregulation of the cyclin-dependent kinase inhibitor p16 or direct inhibition of cyclin D1^[@R5],\ [@R6]^. Furthermore, deregulated *JUNB* expression has been linked to certain hematological malignancies. *JUNB* inactivation was found in chronic myeloid leukemia patients^[@R7]^, while transgenic mice specifically lacking *JUNB* expression in the myeloid lineage developed a chronic myeloid leukemia-like phenotype that eventually progressed to blast crisis^[@R8]^. However, in ALCL and Hodgkin lymphoma, we and others have shown that AP-1 is constitutively active with prominent expression of functional CJUN and JUNB.^[@R9]--[@R13]^.

In addition, JUNB was found to interact with the *CD30* promoter, inducing CD30 expression in both Hodgkin lymphoma and ALCL^[@R14]^. Another study demonstrated that JUNB is the most important and transcriptionally active of all AP-1 members in ALK+ ALCL and that its activation is highly controlled by NPM-ALK through extracellular signal-regulated kinase 1/2 (ERK1/2) at the transcriptional level and via the mTOR pathway at the translational level^[@R15]^. ETS1 has been identified as the transcription factor that mediates ERK1/2-dependent regulation of JUNB in ALK+ ALCL^[@R16]^, and we have recently shown that *JUNB* amplification is another mechanism that may lead to the constitutive JUNB expression observed in ALK+ ALCL^[@R17]^. Furthermore, we have demonstrated that CJUN is also highly active in NPM-ALK+ ALCL, since NPM-ALK directly binds to and activates JNK kinase, which, in turn, phosphorylates / activates CJUN.^[@R12]^. Taken together, these findings provide a direct link between AP-1 members and NPM-ALK in ALK+ ALCL. NPM-ALK is also known to activate numerous pathways by recruiting *SRC* homology 2 or phosphotyrosine binding domain-containing molecules, including the *Ras*^[@R18]^, the γ-phospholipase^[@R19]^, the JAK-STAT^[@R20]^, the mTOR^[@R21]^ and the PI3K/AKT pathways^[@R22]^.

The AKT family members regulate a diverse array of cellular functions, including apoptosis, cellular proliferation, differentiation, and intermediary metabolism. AKT is also one of most frequently hyperactivated kinases in human cancers^[@R23]^. Aberrant activation of AKT can occur by a variety of mechanisms, including amplification, *AKT* mutation, and/or alterations in AKT upstream regulators.^[@R24]^. The biologic significance of the AKT in lymphomagenesis has been established in a mouse model^[@R25]^. In ALCL, it has been shown that NPM-ALK mediates its oncogenic function at least in part through phosphorylation and activation of AKT^[@R20],\ [@R26]^. In addition, AKT is activated in a substantial subset of ALCL tumors, and AKT1 expression is associated with a significantly lower level of the cyclin-dependent kinase (CDK) inhibitor p27 and a higher rate of tumor cell proliferation.^[@R27]^. Inhibition of AKT in ALCL cells results in cell cycle arrest through increased expression of p27, a negative regulator of the G~1~-S phase^[@R28]^. Moreover, AKT activation markedly increased mTOR phosphorylation and its downstream effectors, which led to elevated tumor cell survival and apoptosis evasion in ALK+ ALCL^[@R28]^. All these findings imply an important role for AKT1 in the pathogenesis of ALCL.

Transcriptional regulation of *AKT1* gene remains largely obscure. Park et al.^[@R29]^ reported that *AKT1* is transcriptionally upregulated by the SRC/STAT3 pathway through direct binding of STAT3 on the *AKT1* promoter^[@R29]^. In the same study, multiple putative AP-1 binding sites were identified upstream of the *AKT1* transcription initiation site. This finding and preliminary data from our laboratory led us to hypothesize that AP-1 transcription factors may be involved in *AKT1* gene regulation.

In the present report we provide evidence of AP-1 (JUNB, CJUN)-dependent control of *AKT1* transcription and activation in ALK+ ALCL. Notably, AP-1 members induce or suppress AKT1 expression by directly binding on its promoter sequence in a manner that is dictated by cell type specificity. Synergistic action between AP-1 and STAT3 on *AKT1* transcription was observed which contributed to increased cell survival and proliferation.

MATERIALS AND METHODS {#S2}
=====================

Cell lines, plasmids and reagents {#S3}
---------------------------------

Three ALK+ ALCL cell lines were used in this study: Karpas 299 (a gift of Dr. M. Kadin, Beth Israel-Deaconess Medical Center, Boston, MA, USA), SR-786, and SUP-M2 (both from ATCC, Rockville, MD, USA). The T-cell acute lymphoblastic leukemia (T-ALL) cell line Jurkat was used as a negative control because of the absence of AP-1 activity. 293T is a cell line derived from human embryonic kidney (HEK) cells (ATCC). All cell lines were grown in Roswell Park Memorial Institute (RPMI)-1640 medium (Life Technologies, Grand Island, NY, USA) as described previously^[@R12]^, supplemented with 10% fetal calf serum, and incubated at 37°C in a humidified atmosphere containing 5% CO~2~.

The JUNB expression vector pcDNA3.1/V5-His Topo was a gift from Dr. Anupam Agarwal (University of Alabama at Birmingham, Birmingham, AL, USA). The *AKT1* luciferase promoter (−4293/+1888/Luc) was a gift from Dr. J. Q. Cheng (University of South Florida College of Medicine, Tampa, FL, USA). STAT 3 inhibitory compound Stattic (Sigma, St. Louis, MO, USA), a small-molecule inhibitor of STAT3 activation and dimerization, and the specific MEK1/2 inhibitor U0126 (Cell Signaling Technology, Beverly, MA, USA) were used.

Transient transfection and luciferase assays {#S4}
--------------------------------------------

Cells were seeded at a density of 0.5×10^6^ cells/ml 24 hrs before transfection, and 3×10^6^ ALK+ ALCL cells were transfected with the AKT reporter plasmid (−4298/+1888-pGL3 construct), the JUNB expression plasmid, or both along with 10 ng of pRL-CH110 as an internal control, using the Nucleofector solution "V" recommended by Amaxa Biosystems (Lonza, Cologne, Germany). Activities of the *AKT1* promoter were analyzed 48 hr after transfection, using the dual luciferase system (Promega, Madison, WI, USA) and the luciferase enzymatic activity was measured with a Monolight 3010 luciferometer (BD Biosciences, San Jose, CA, USA). All the experiments were performed in triplicate and the values were normalized against *Renilla* luciferase activity. Luciferase activity was expressed as relative to control luciferase activity.

Silencing of JUNB, CJUN, and STAT3 gene expression by siRNA {#S5}
-----------------------------------------------------------

Transient transfection of Karpas 299, SUP-M2 and SR-786 cells was carried out with Amaxa Nucleofector II, the solution "V", and the A-030 program as recommended by the manufacturer (Lonza, Basel, Switzerland). Approximately 3×10^6^ cells were transfected with 50 to 300 nM specific siRNA or siControl (scrambled). Whole-cell lysates were prepared 48 hrs after transfection. JUNB siRNA was used as a mixture of four pre-selected siRNAs specifically designed for JUNB (FlexiTube siRNA; Qiagen, Venlo, Netherlands). The specific siRNAs targeting the human *CJUN* product were pre-designed by Ambion, Inc. (Austin, TX, USA). Small interfering RNA (siRNA) for STAT3, and Control (LUC) were obtained from Dharmacon (Lafayette, CO, USA) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}).

Western blot analysis {#S6}
---------------------

Western blot analysis was performed using methods described previously^[@R30]^. Antibodies against the following proteins were used: AKT1, pAKT1 (Thr308), pAKT1 (Ser 473), STAT3, p-Tyr705 STAT3, ERK, pERK, pALK and pGSK3α/β (Cell Signaling Technology, Beverly, MA, USA), JUNB and CJUN (Santa Cruz Biotechnology, Santa Cruz, CA, USA), AKT2 and AKT3 (Millipore, Billerica, Massachusetts, MA, USA). β-Actin (Sigma, St Louis, MO) served as a control for protein load and integrity in all immunoblots.

RNA extraction, cDNA synthesis, and real time RT-PCR (RT-qPCR) {#S7}
--------------------------------------------------------------

For the RT-qPCR analysis, total RNA was extracted using the pure link RNA mini kit from Ambion (Life Technologies, Carlsbad, CA, USA). cDNA was synthesized using the Superscript First Strand Synthesis System (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. mRNA expression levels were quantified by RT-qPCR using the SYBR PCR Master Mix (Applied Biosystems/Life Technologies) in a one-step reaction and the mRNA expression levels were determined by the comparative CT (ΔΔCt) method. GAPDH was used as the endogenous control gene. The primer sequences are listed in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. For JUNB, AKT1, AKT2, AKT3 and GAPDH cDNA, the RT-qPCR program included Amplitaq Gold DNA polymerase activation at 95°C (10 min) followed by 40 cycles of DNA denaturation (95°C for 15 sec) and annealing/extension (60°C for 30 sec). All reactions were performed using an ep-realplex Mastercycler (Eppendorf, Hamburg, Germany).

Chromatin immunoprecipitation (ChIP) {#S8}
------------------------------------

ChIP assays and subsequent RT-qPCR analysis were performed as described for the fast ChIP protocol^[@R31]^ The relative occupancy of the immunoprecipitated factor at a locus was estimated using the following equation: 2^(Ctmock−Ctspecific)^, where Ct-mock and Ct-specific are mean threshold cycles of PCR done in triplicate on DNA samples from mock and specific immunoprecipitations. The comparative CT method was used to determine relative expression compared with input antibodies against the proteins JUNB, CJUN, and control IgG (Santa Cruz) and RNA *Pol*II (Millipore Billerica, MA, USA).

Analysis of AKT1 promoter and site-directed mutagenesis: Gene reporter assays {#S9}
-----------------------------------------------------------------------------

Molecular dissection of the *AKT1* promoter was described elsewhere^[@R29]^ and included nine putative AP-1--binding sites upstream of the transcription start site. Mutations were inserted in AP-1 sites using the QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). More specifically, we changed CA ≥ GT at AP-1 site 7, GT \> CA at AP-1 site 8 and GT \> CC at AP-1 site 9 ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Some constructs had both mutations (at AP-1 sites 8 and 9, or at AP-1 sites 7 and 9). All mutagenesis was confirmed by DNA sequencing.

Cell proliferation, trypan blue exclusion and colony-formation assays {#S10}
---------------------------------------------------------------------

The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay was used to evaluate proliferation of viable cells, as described previously^[@R32]^. The absorbance was read using a microplate (ELISA) reader mQuant spectrophotometer (BIO-TEK Instruments, Inc., Winooski, VT, USA) at 570 nm. Cell viability was assessed using the trypan blue exclusion assay as described elsewhere^[@R32]^. Cell counting at 48 hrs was performed in triplicate. For colony-formation assay, cells were plated in 24-well plates in 300 µl of MethoCult methylcellulose solution (Sigma, St Louis, MO) at a concentration of 500 cells/well and were incubated for 2 weeks until colony formation was visible. Colonies were counted after staining with p-iodonitrotetrazolium violet (Sigma, St Louis, MO).

Statistical analysis {#S11}
--------------------

Data were analyzed using GraphPad Prism software (GraphPad Software, La Jolla, CA). Western blot bands were quantified using ImageJ software (NIH, Bethesda, MD, USA). Comparisons between groups were made using paired or unpaired *t*-tests as appropriate. *P* \< 0.05 was considered to be statistically significant.

RESULTS {#S12}
=======

JUNB and CJUN bind to and activate AKT1 promoter in ALK+ ALCL {#S13}
-------------------------------------------------------------

JUNB gene silencing resulted in decreased levels of *AKT1* transcripts in both Karpas 299 and SR-786 cells ([Figure 1](#F1){ref-type="fig"}). Moreover, JUNB depletion attenuated AKT1 protein levels in ALK+ ALCL cell lines, which was accompanied by decreased AKT kinase activity ([Figure 1](#F1){ref-type="fig"} and [Suppl. Figure 1](#SD1){ref-type="supplementary-material"}).

Previous examination of the genomic sequence spanning 4298 base pairs upstream of the transcription start site of the human *AKT1* revealed the presence of nine putative AP-1 binding sites ([Figure 2](#F2){ref-type="fig"}). To investigate the possibility of AP-1 transcription factors binding on the *AKT1* promoter, we designed primers spanning those sites and performed ChIP with JUNB and CJUN antibodies using sheared chromatin from the ALK+ ALCL cells. Our results showed that anti-JUNB antibody specifically enriched DNA fragments containing either AP-1 site 8 or AP-1 site 9. The AP-1 sites 1--7 showed minimal or no enrichment with JUNB antibody (not shown). In addition, CJUN co-precipitated with chromatin complexes from the *AKT1* promoter. More specifically, a signal was detected in the DNA region spanning AP-1 site 7 ([Figure 2](#F2){ref-type="fig"}). Thus, we provide evidence for direct physical interaction between *AKT1* promoter and AP-1 members.

To study the functional relevance of those DNA sites to AKT1 regulation, we introduced a series of AP-1 mutations in luciferase-based constructs of the *AKT1* promoter and subsequently delivered them into ALK+ ALCL cells. Luciferase activity was measured and values were normalized against the control (unmutated, wild-type *AKT1*-Luc promoter). Our data confirmed that AP-1 mutation sites 7 and 9 reduced the overall luciferase activity of the *AKT* promoter, while double mutants (AP7/AP9m and AP8/AP9m) had an additive effect, suggesting that those DNA regions represent important regulatory sites for various AP-1 transcription factors.

Next, we tested the ability of the *AKT1* promoter to remain active following JUNB depletion. Briefly, ALK+ ALCL cell lines were co-transfected with the wild-type *AKT1*-Luc promoter construct and JUNB siRNA or control siRNA. Data from the ALK+ ALCL cell lines Karpas 299 ([Figure 2D](#F2){ref-type="fig"}) and SUP-M2 ([Figure 2E](#F2){ref-type="fig"}) suggested that JUNB loss is associated with a profound decrease in *AKT1* promoter activity. Moreover, we examined whether JUNB overexpression is sufficient to augment AKT1 transactivation. Because JUNB protein is highly expressed in ALK+ ALCL cells and because these cells exhibit strong AP-1 activity^[@R10]^, we utilized the T-cell leukemia cell line Jurkat, which is characterized by low JUNB protein expression and almost undetectable AP-1 binding activity^[@R17]^ JUNB ([Figure 2F](#F2){ref-type="fig"}) and CJUN ([Figure 2G](#F2){ref-type="fig"}) expression plasmids were transfected into Jurkat cells together with the *AKT1*-Luc promoter construct. Both JUNB and CJUN overexpression led to a significant increase in luciferase activity in a concentration-dependent manner.

JUNB-induced control of AKT1 transcription is cell type-specific {#S14}
----------------------------------------------------------------

To examine whether JUNB-mediated transcriptional regulation of AKT1 represents a universal mechanism, we examined the effects of JUNB overexpression and depletion on AKT1 expression in a different, non cancerous cellular context using the HEK293T cells, which expresses low levels of JUNB. Surprisingly, forced expression of JUNB ([Figure 3A](#F3){ref-type="fig"}) resulted in a dose-dependent decrease of total AKT1 protein level. Furthermore, JUNB transfection was associated with significantly weaker *AKT1* promoter activity ([Figure 3B](#F3){ref-type="fig"}). By contrast, JUNB silencing completely abolished the JUNB-induced repression of the *AKT1* promoter and led to a remarkable increase in its transcriptional activity ([Figure 3C](#F3){ref-type="fig"}).

To determine whether JUNB suppresses AKT1 activity through direct binding on the gene promoter, HEK293T cells were co-transfected with JUNB plasmid and either wild-type (containing all the AP-1 sites) or a mutated (harboring mutations at AP-1 site 7, 8, or 9) *AKT1*-Luc promoter plasmid. Luciferase assay revealed that when AP-1 site 8 and 9 were mutated from the promoter either individually or together ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}), the total *AKT1* promoter activity increased significantly as compared to wild-type *AKT1* promoter suggesting a direct JUNB-mediated transcriptional regulation of *AKT1* ([Figure 3D](#F3){ref-type="fig"}). However, transfection of CJUN resulted in higher *AKT1* promoter activity in 293T cells ([Figure 3E](#F3){ref-type="fig"}), which is consistent with the tumor-promoting properties of CJUN. Moreover, mutation of AP-1 site 7 or 8 on the *AKT1* promoter, resulted in a marked decrease in luciferase activity, compared with the wild-type *AKT1* promoter in the presence of CJUN ([Figure 3F](#F3){ref-type="fig"}).

Since JUNB is positively regulated by NPM-ALK at the transcriptional and translational level in ALK+ ALCL^[@R15]^, we studied the contribution of NPM-ALK to the regulation of AKT1 expression in 293T cells. We observed that transient transfection of NPM-ALK but not the kinase-dead (K210R) expression vector led to a substantial decrease in *AKT1* promoter activity ([Figure 3G](#F3){ref-type="fig"}). In addition, NPM-ALK induced *JUNB* mRNA ([Supplementary Figure 1D](#SD1){ref-type="supplementary-material"}) and protein levels but it was also associated with elevated total AKT1 protein levels ([Figure 3H](#F3){ref-type="fig"}), suggesting that NPM-ALK--induced AKT1 overexpression is mediated through a post-transcriptional mechanism. Furthermore, JUNB overexpression in 293T cells ([Supplementary Figure 2A](#SD1){ref-type="supplementary-material"}) was found to increase the cyclin-dependent kinase inhibitor (CDKI) p16INK4a ([Supplementary Figure 2B](#SD1){ref-type="supplementary-material"}) and decrease the protein levels of cyclin D1 and pAKT1 (ser473) ([Supplementary Figure 2C](#SD1){ref-type="supplementary-material"}), while it was associated with reduction in overall cell numbers. Of note, viability didn't change significantly ([Supplementary Figure 2D](#SD1){ref-type="supplementary-material"}). Taken together, our data are indicative of a similar JUNB-AKT1 interaction that may be attained through direct protein-DNA binding, even though the effect of JUNB on *AKT1* transcription is the opposite in a non cancerous cell system (HEK293T) from what was observed in ALK+ ALCL.

JUNB and CJUN synergize to transcriptionally activate AKT1, AKT2 and AKT3 {#S15}
-------------------------------------------------------------------------

It is known that JUNB and CJUN knockdown has been linked to attenuation of cell viability (Trypan blue), growth (MTS) and colony formation (colony assay) in ALCL cell lines (Karpas 299 and SR-786)^[@R17]^ and cell cycle arrest^[@R12]^ To investigate the possible cooperation between JUNB and CJUN in driving *AKT1* transcription, we silenced both genes in the ALK+ ALCL cells, which showed further suppression of AKT1 transactivation compared with silencing of each one alone ([Figure 4B](#F4){ref-type="fig"}). Next, we examined whether JUNB or CJUN deficiency could also modulate the transcription of the other two AKT isoforms, namely AKT2 and AKT3, whose genes are mapped on different chromosomes. Using JASPAR database^[@R33]^, we identified several potential AP-1 binding sites in the gene promoters of *AKT2 and AKT3* ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Western blotting data, revealed that simultaneous *JUNB* and *CJUN* gene silencing in two ALK (+) ALCL cell lines, Karpas 299 ([Figure 4C](#F4){ref-type="fig"}) and SR-786 ([Figure 4D](#F4){ref-type="fig"}) resulted in lower protein levels for all the AKT isoforms. Moreover, RT-qPCR analysis showed a significant decrease in the *AKT3* mRNA after JUNB silencing, which was further potentiated by simultaneous JUNB/CJUN knockdown in ALK+ ALCL cells ([Figure 4E](#F4){ref-type="fig"}). Similar results were seen for the *AKT2* gene, although JUNB silencing alone showed a less prominent effect on AKT2 mRNA ([Figure 4F](#F4){ref-type="fig"}). Our results suggest that in ALK+ ALCL, JUNB and CJUN can synergistically activate the transcription of *AKT1* and the other members of the gene family, *AKT2* and *AKT3*.

JUNB enhances STAT3-induced activity of the AKT1 promoter {#S16}
---------------------------------------------------------

STAT3 binding on the exon 1 region of the *AKT1* promoter has been shown to be of crucial importance to the transcriptional activity of *AKT1* in other cell types^[@R29]^. Here, we verified that STAT3 ablation resulted in a significant decrease in the promoter activity of *AKT1* in ALK+ ALCL ([Figure 5A](#F5){ref-type="fig"}). Simultaneous *STAT3* and *JUNB* silencing showed that STAT3-induced transcriptional activity of AKT1 was further potentiated by JUNB ([Figure 5A](#F5){ref-type="fig"}) and was associated with decreased cell viability in two ALK+ ALCL cell lines tested, Karpas 299 ([Figure 5C](#F5){ref-type="fig"}) and SR-786 ([Figure 5D](#F5){ref-type="fig"}). Moreover, treatment with Stattic, a potent STAT3 inhibitor^[@R34]^profoundly decreased STAT3 phosphorylation at Tyr705 in a dose-dependent manner, which correlated well with AKT1 inhibition and was also accompanied by JUNB downregulation ([Figure 5E](#F5){ref-type="fig"}). Previous studies have shown that the *JUNB* promoter harbors STAT3 binding sites and that STAT3 transcriptionally modulates JUNB expression^[@R35],\ [@R36]^, thus, inhibition of STAT3 activation should attenuate JUNB levels. In addition, treatment with the ERK inhibitor, U0126, diminished ERK phosphorylation and coincided with reduced AKT1 expression ([Figure 5E](#F5){ref-type="fig"}). Of interest, following treatment with Stattic we noticed a significant induction in phosphorylation levels of ERK; a possible explanation for this finding is uncertain. Furthermore, we used a gene reporter assay to measure the *AKT1*-Luc promoter activity in ALK+ ALCL cells, following treatment with Stattic or U0126, or both inhibitors ([Figure 5F](#F5){ref-type="fig"}). AKT1 activity was significantly inhibited in a concentration-dependent manner. Combined drug treatment further repressed *AKT1* promoter activity, as an additive effect ([Figure 5F](#F5){ref-type="fig"}).

JUNB and STAT3 depletion attenuates cell proliferation and survival of ALK+ ALCL cells {#S17}
--------------------------------------------------------------------------------------

Next, we examined whether STAT3- or JUNB-induced AKT1 repression would biologically affect our ALK+ ALCL model. Treatment with both inhibitors, Stattic and U0126 in doses described by others^[@R16],\ [@R37]--[@R39]^, attenuated proliferation of ALK+ ALCL cells in a concentration-dependent manner and showed synergistic effects ([Figure 6A and 6B](#F6){ref-type="fig"}). Pharmacologic inhibition of STAT3 and JUNB also resulted in a substantial decrease in cell viability, although no synergy between the drugs was observed ([Figure 6C and 6D](#F6){ref-type="fig"}). In addition, treatment of ALK+ ALCL cells with Stattic and U0126 severely impaired colony formation ([Figure 6E and 6F](#F6){ref-type="fig"}).

DISCUSSION {#S18}
==========

Cumulative data suggest that AP-1 plays an important role in the pathogenesis of ALK+ ALCL^[@R10],\ [@R12],\ [@R15]^. We recently reported that *JUNB* amplification is frequent among ALK+ ALCL patients and that this mechanism, among others, contributes to overexpression of JUNB that is observed in all ALK+ ALCL tumors^[@R17]^. Moreover, we uncovered the tumor-promoting properties of JUNB/CD30 axis in ALK+ ALCL, which are mediated mainly through deregulation of cell cycle progression.^[@R17]^ In the present study, we hypothesized that AP-1 transcription factors might have a role in the regulation of *AKT1* in ALK+ ALCL.

In a seminal study,^[@R29]^ investigators first identified that *AKT1* promoter contain putative AP-1 binding sites. We show here that *AKT1* is a direct transcriptional target of JUNB and CJUN, which are the AP-1 transcription factors highly expressed and activated in ALK+ ALCL. We demonstrated that both proteins bind to AP-1 binding sites on the *AKT1* promoter and thus coordinate its transactivation in ALK+ ALCL cells. Gene silencing of *JUNB* resulted in reduced *AKT1* mRNA and protein levels and is also associated with reduced AKT1 promoter activity and AKT activation. Using side-directed mutagenesis and gene reporter assays, we identified the specific AP-1 sites on the *AKT1* promoter, which are crucial for JUNB (sites 8 and 9) or CJUN (site 7) binding leading to AKT1 gene expression. Moreover, simultaneous *JUNB* and *CJUN* gene silencing by siRNA delivery resulted in a marked decrease in AKT1 reporter activity as well AKT protein expression and activation.

Although several published studies have significantly enriched our knowledge for the post-translational regulation of AKT1^[@R40],\ [@R41]^ and its kinase activity, our understanding for the regulation of *AKT1* at the transcriptional level remains poor. Evidence supports the idea of E2F-mediated modulation of AKT1 activation through direct binding of the promoter of the adaptor protein Grb2-associated binder 2 (Gab2)^[@R42]^. Moreover, cAMP response element-binding protein (CREB) was shown to bind to CRE binding sites on the *AKT1* promoter, activating its transcription in forskolin-treated cells^[@R43]^. In other cell system such as colorectal cancer, the Wnt/β-catenin pathway has been shown to play a pivotal role in *AKT1* transcriptional control^[@R44]^. However, in that study the *AKT1* promoter was unresponsive to Wnt/β-catenin in non cancerous HEK293T cells. Those findings are partially in agreement with our data showing opposite effects of JUNB on *AKT1* promoter in HEK293T cells as compared to ALK+ ALCL cells. More specifically, we found that in non-cancerous HEK293T cells, forced expression of JUNB repressed AKT1 transactivation associated with AKT1 protein downregulation. The JUNB inhibitory effect on *AKT1* promoter activity was JUNB-specific because it was reversed when JUNB siRNA was introduced into the cells. By contrast, CJUN overexpression continued to activate the *AKT1* promoter in the same non-cancerous cell system. The differential effects in JUNB-mediated *AKT1* transcriptional control between ALK+ ALCL and HEK293T cells could be attributed to the fact that in the context of ALK+ ALCL, the expression levels and combination of AP-1 proteins may differ dramatically as compared to non cancerous cells. Their relative abundance is crucial in modulating specific gene transcription, which is responsible for engaging cells in a precise destiny. Notably, *JUNB*-selective regulation of transcription, in a positive or a negative manner, has been shown to depend on the interacting partner and the promoter context^[@R45]^.

AKT2 and AKT3, the other two homologs of the AKT family of highly conserved proteins^[@R46]--[@R48]^, are characterized by broad expression, sometimes with a distinct pattern of tissue specificity for each isoform. In a previous survey on lymphomas, all three AKT isoforms were ubiquitously expressed in ALCL, both ALK+ and ALK−, and in other CD30+ lymphomas^[@R49]^. However, our knowledge of the transcriptional regulation of *AKT2* and *AKT3* is fairly limited. In this study we show data of transcriptional control of *AKT2* and *AKT3* by the AP-1 members CJUN and JUNB in ALK+ ALCL. Specifically, we demonstrated that *JUNB* or *CJUN* gene silencing led to reduced *AKT2* and *AKT3* mRNA levels and was accompanied by similar changes in the protein level. Moreover, we showed that combined JUNB and CJUN loss had a more profound impact on *AKT1, AKT2, AKT3* mRNA and protein levels. A previous study has shown that the *AKT2* promoter is under transcriptional control of MyoD, although at least one AP-1 site was identified. Using JASPAR database analysis we identified the presence of multiple CJUN/JUNB binding sites on *AKT2* and *AKT3* gene promoters. Although further studies are required to confirm these data with functional studies, the present study provides first evidence that both CJUN and JUNB may regulate *AKT2* and *AKT3* transcription, possibly in a manner similar to that of *AKT1*.

It was previously reported that SRC-mediated activation of STAT3 facilitates binding of STAT3 dimmers on the *AKT1* promoter, thereby inducing its transcription^[@R29]^. JAK/STAT pathway is known to be highly activated by NPM-ALK in ALK+ ALCL leading to increased cell survival, and uncontrolled cell cycle progression^[@R30],\ [@R50],\ [@R51]^. In this study, we provide evidence that STAT3 induces transcription of *AKT1* for the first time in the context of ALK+ ALCL. Notably, STAT3 and JUNB could synergize for the *AKT1* transcriptional control in ALK+ ALCL. This synergistic pattern had also biologic significance, since simultaneous depletion of JUNB and STAT3 by siRNA in both ALK+ ALCL cell lines severely impaired cell viability. Interestingly, synergy between STAT3 and members of the JUN family has been reported in transcriptional regulation of target genes in other cell systems^[@R52]--[@R56]^.

In summary, we have shown that, in addition to the PI3K-associated activation of AKT, a crosstalk between AP1 transcription factors, JAK/STAT and AKT exists and further contributes to tumor cell proliferation and survival in ALK+ ALCL ([Figure 7](#F7){ref-type="fig"}). Uncovering novel crosstalks between oncogenic pathways crucial for ALK+ ALCL oncogenesis will enrich our understanding of the molecular mechanisms underlying resistance to therapy.
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![JUNB depletion results in suppressed AKT1 mRNA and protein expression in ALK+ ALCL\
**A.** Karpas 299 cells were transiently transfected with increasing concentrations of JUNB siRNA, (+,50 nM and +++, 300 nM) or control (scramble, scr) siRNA which resulted in increasingly reduced JUNB (*left*) and *AKT1* (*right*) mRNA levels as determined by qRT-PCR, which was performed in triplicate. **B.** AKT1 protein level was decreased following JUNB silencing, which was also associated with reduced levels of Ser473-phosphorylated (activated) AKT1 and reduced phosphorylation of its kinase substrate, GSK3. **C.** Similar results were obtained with another ALK+ ALCL cell line, SR-786. **D.** AKT1 protein and Thr308 phosphorylation levels were decreased in SR-786 cells following JUNB gene silencing. The expression level of JUNB and AKT1 mRNA was normalized to the GAPDH mRNA level (control) and it was shown as fold change to control.\
\*, p\<0,05, \*\*, p\<0,01, \*\*\*, p\<0,001 (Student's *t*-test).](nihms688929f1){#F1}

![Members of the AP-1 complex bind to and activate AKT1 promoter in ALK+ ALCL\
**A.** Graphical representation of *AKT1* promoter sequence. *Top:* the yellow circles depict putative AP-1 binding sites and the gray boxes depict STAT3/NF-κB binding sites. *Bottom*, primer design for ChIP. Primers spanning the putative AP-1 binding sites. **B.** AP-1 (JUNB and CJUN) bind to at least three AP-1 sites on *AKT1* promoter. ChIP assays were performed with CJUN and JUNB-specific antibodies as described in "Materials and Methods" using qPCR. i) *Pol* II enrichment on the *GAPDH* promoter was used as a positive control for the technique. Studies resulted in the precipitation of *AKT1* promoter chromatin containing the AP-1 binding sites 8 (AP8, ii) and 9 (AP9, iii), respectively, in Karpas 299 cells when the anti-JUNB antibody was used. cJUN was found to co-precipitate with *AKT1* promoter chromatin containing the putative AP-1 site 7 (AP7, iv) of the *AKT1* promoter. The blue bars refer to immunoprecipitation with non-immune rabbit or mouse IgG. The red bars refer to immunoprecipitation using rabbit anti-CJUN or mouse anti-JUNB IgG. Data were analyzed by two-way ANOVA test using a Bonferroni posttest correction. **C.** Mutation of the specific putative AP-1 sites attenuated the *AKT1* promoter activity. A series of mutations were initiated in the full-length luciferase *AKT1* promoter. Mutation of the AP1 sites 7 (AP7m), 9 (AP9m) and also double mutants between 7 and 9 (AP7/AP9m) and 8 and 9 (AP8/AP9m) were introduced in the *AKT1*-Luc promoter. The resulting reporter constructs were then transfected into Karpas 299 cells and subjected to luciferase assay. The promoter activity was normalized against the full length (−4298/+1888) wild type-Wt (unmutated) reporter construct. Mutation of the AP-1 binding sites within the *AKT1* promoter abrogated *AKT1* reporter activity. **D and E.** Two ALK+ ALCL cell lines, Karpas 299 (D) and SUP-M2 (E), were co-transfected with JUNB siRNA and the AKT1 reporter and were subjected to luciferase assay. JUNB silencing resulted in the repression of the *AKT1* promoter activity in both cell lines. **F and G.** Overexpression of JUNB (F) and CJUN (G) expression plasmids led to increased *AKT1* promoter activity in Jurkat cells in a concentration-dependent manner.\
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![JUNB-mediated transactivation of AKT1 is cell context-dependent\
**A.** Forced expression of JUNB resulted in a concentration-dependent decrease of total AKT1 protein levels in HEK293T cells. **B.** Forced expression of JUNB repressed *AKT1* promoter activity in HEK293T cells. **C.** *AKT1* promoter activity was restored following JUNB knockdown. **D.** HEK293T cells were co-transfected with JUNB expression plasmid and the AKT1-Luc constructs harboring either wild-type (Wt) or mutated AP-1 sites 7 (AP7m), 8 (AP8m), or 9 (AP9m). Mutation at site 8 or 9 led to abrogation of the JUNB-dependent AKT1 promoter repression, while AP7 mutation did not result in de-repression of promoter activity. **E.** cJUN transactivates AKT1 promoter in HEK293T cells. **F.** Compared with wild-type AP-1, mutation of AP-1 sites 7 or 8 results in decreased *AKT1* promoter activity in co-transfection assays with cJUN expression plasmid, whereas mutation at AP-1 site 9 didn't change the cJUN-induced activation status of the *AKT1* promoter. **G.** NPM-ALK can partly induce JUNB-mediated AKT1 trans-repression. Ectopic expression of NPM-ALK plasmid but not the kinase-dead (K210R) NPM-ALK vector resulted in significant repression of AKT1 promoter. **H.** Western blot analysis following transfection of NPM-ALK and the kinase-dead (K210R) expression plasmids showed that the JUNB protein levels were increased following NPM-ALK ectopic expression in HEK293T cells. Also, there was concomitant AKT1 protein upregulation. pALK was used as a positive control for the kinase activity of NPM-ALK.\
\*, p\<0,05, \*\*, p\<0,01, \*\*\*, p\<0,001 (Student's *t*-test).](nihms688929f3){#F3}

![Regulation of AKT genes through cooperation of AP-1 members in ALK+ ALCL\
**A.** Simultaneous cJUN and JUNB silencing was performed using siRNA for both genes and was confirmed by Western blot analysis. **B.** Combined JUNB and cJUN knockdown had an additive effect on the reduction of AKT1 promoter activity resulting in decreased AKT1 levels (not shown). **C and D.** In two NPM-ALK(+) ALCL cell lines, Karpas 299 (C) and SR-786 (D), CJUN/JUNB silencing attenuated AKT1, AKT2 and AKT3 protein levels. Moreover, phosphorylation of GSK3 and AKT1 kinase activation (as shown here by T308 and S473 phosphorylation of AKT1) were substantially lowered. Of note, transient *JUNB* gene inhibition, increased AKT2 protein levels in both cell lines. **E and F.** Finally, silencing both JUNB and CJUN led to a substantial decrease in *AKT3* and (E) *AKT2* (F) mRNA expression levels. qRT-PCR was performed in triplicates, and the values were normalized against the expression levels of GAPDH.\
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![AP-1 and STAT3 induced AKT1 promoter activity in ALK+ ALCL cells\
**A.** JUNB enhanced STAT3-induced promoter activity on the *AKT1* promoter. **B.** Western blotting showed that simultaneous depletion of JUNB and STAT3 results in additional reduction of the AKT1 protein level. **C and D**. in two ALCL cell lines, Karpas 299 (C) and SR-786 (D), loss of JUNB or STAT3 results in a notable reduction in cell viability, as determined by Trypan blue staining. Moreover, simultaneous depletion of JUNB/STAT3 had an additive effect in cell viability reduction, compared to the loss of each transcription factor alone. Results are shown in triplicates **E.** Western blotting data from cells treated with both inhibitors. Stattic leads to a concentration-dependent reduction in the protein level of phosphorylated STAT3 and does not affect the total STAT3 protein level. Interestingly, pERK is increased 20-fold in respect to the control (DMSO) when the maximum dose (20 µM) of Stattic inhibitor is used, while JUNB protein levels are also significantly decreased and AKT1 protein is almost undetectable. UO126 treatment (10 µM) diminished the pERK protein level, while the total ERK level did not change substantially. JUNB was severely affected by UO126 exposure and AKT1 protein expression was also reduced. **F.** Pharmacologic inhibition of JUNB and STAT3 results in reduced *AKT1* promoter activity. UO126 (MEK1/2 inhibitor), and Stattic (STAT3 inhibitor) were used to treat cells transfected with the *AKT1*-Luc promoter construct. Luciferase assay was performed 48 hours later. The combination treatment of UO126 and Stattic had a profound effect on the activity of the *AKT1* promoter. Stattic: +. 5 µM, ++, 10µM, +++, 20µM. UO126 : +, 50µM, ++, 100 µM.\
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![Biologic effect of JUNB/STAT3 pharmacologic inhibition on ALK+ ALCL in Karpas 299 and SR-786\
**A, and B.** ALK+ ALCL cell lines Karpas 299 (A) and SR-786 (B) were treated with Stattic (10 µM), U0126 (10 µM), or both pharmacologic inhibitors. The proliferation of viable cells (MTT assay) was then measured 48 hours after treatment. Stattic and U0126 treatment in ALK+ ALCL resulted in dose-dependent cell proliferation arrest. Moreover, the combined treatment had an additive effect on the proliferation of both cell lines. **C and D.** Cell viability assessed by the trypan blue exclusion assay in Karpas 299 (C) and SR-786 cells (D) following combined treatment with Stattic and U0126 shows increased cell death compared to each drug alone. **E.** Colony formation of Karpas 299 cells was obliterated after treatment with both Stattic and U0126. **F.** Treatment with Stattic resulted in decreased number of colonies formed, while U0126 completely diminished visible colonies in SR-786. When both drugs were added in the medium (10 µM each) the results were similar with U0126 treatment alone (no colonies were visible).\
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![Proposed model of AP-1/STAT3/AKT crosstalk mechanism in ALCL\
On the basis of our findings shown here and the current knowledge from published data, we propose the following model in ALK+ ALCL. The PI3K/AKT pathway is constitutively active in ALK+ ALCL due largely to the direct physical interaction of NPM-ALK with PI3K. This PI3K-dependent pathway is highly conducive to determining the phenotype of ALCL, which is characterized by apoptosis and cell cycle deregulation. In addition, AKT is regulated at the transcriptional level by AP-1 and STAT3 through protein-DNA interactions in the upstream or downstream region of the *AKT1* promoter, respectively. AP-1 members of the Jun family, JUNB and CJUN, play important roles in the pathogenesis of ALK+ ALCL. CJUN is activated through phosphorylation by JNKs in a NPM-ALK-dependent manner, whereas JUNB levels are regulated by NPM-ALK at the transcriptional level through MEK/ERK and Ets-1 transcription factor, and at the translational level through mTOR^[@R15],\ [@R16]^. Moreover, the JAK/STAT pathway is directly activated by NPM-ALK, and STAT3 is overexpressed and highly activated in ALK+ALCL^[@R22],\ [@R50]^. JUNB/CJUN and STAT3, in turn transcriptionally regulate AKT1 and possibly AKT2 and AKT3, thus contributing to AKT overexpression in ALK+ ALCL. Taken together, in addition to the ALK kinase-associated activation of downstream kinases, a functional crosstalk between AP1 transcription factors, JAK/STAT and AKT exists and further contributes to cell cycle and apoptosis deregulation and ultimately to oncogenesis of ALK+ ALCL.](nihms688929f7){#F7}
